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Abstract Determining the shear-velocity dependence of dry granular friction can provide insight into the
controlling variables in a dry granular friction law. Some laboratories believe that the quality of this study is at
the forefront of the discipline for the following reasons. Results suggest that granular friction is greatly affected
by shear-velocity (v), but shear experiments over the large range of naturally occurring shear-velocities are
lacking. Herein we examined the shear velocity dependence of dry friction for three granular materials, quartz
sand, glass beads and fluorspar, across nine orders of magnitude of shear velocity (1072 m/s). Within this
range, granular friction exhibited four regimes, following a broad approximate “m” shape including two
velocity-strengthening and two velocity-weakening regimes. We discuss the possible physical mechanisms of
each regime. This shear velocity dependence appeared to be universal for all particle types, shapes, sizes, and for
all normal stresses over the tested range. We also found that ultra-high frequency vibration as grain surfaces
were scoured by micro-chips were formed by spalling at high shear velocities, creating ~20 pm diameter impact
pits on particle surfaces. This study provides laboratory laws of a friction-velocity (u#-v) model for granular
materials.

Plain Language Summary Numerous phenomena of earth science can be simplified to shearing
granular systems, such as landslide gouge and rock avalanches. It is believed that friction varies with shear
velocity, and this is no exception for dry granular materials. Studying the law of friction variation over as large a
range of velocity changes as possible aids in establishing a full life-cycle hypothesis for landslides from
initiation, through movement to cessation. We sheared granular materials across nine orders of magnitude, from
1078 to 2 m/s and obtained an “M’ shape law for the variation of friction with velocity. By analyzing the
acoustic frequency of shear experiments at different velocities, we discovered that the acoustic frequency
increased with shear velocity. By comparing the microscopic morphology of the particle surface before and after
high-velocity shearing, we hypothesized that the impact pits may be left by particle collisions during high-
velocity shearing. We proposed that the role of ultra-high frequency vibration on high-velocity shear weakening
should be considered, which provides a basis for accurately revealing the physical mechanism of granular
friction variation with velocity.

1. Introduction

The frictional properties of granular flows have profound implications for the development of geological pro-
cesses such as landslides and rock avalanches (Baumberger & Caroli, 2006; Hu et al., 2020, 2022; Jop et al., 2006;
Kawamura et al., 2012; Marone, 1998; Melosh, 1996; Savage & Hutter, 1989; Scholz, 1998). In particular, the
velocity dependence of the steady-state friction coefficient (u,,) of granular materials is indicative of the
mechanisms underlying the life cycle of seismic faults and large landslides from initiation, through movement to
cessation. Numerous velocity-dependent results of granular friction across small ranges of shear velocity in the
laboratory showed that at very low shear velocities (v < 10~ m/s), friction exhibits shear strengthening (Kuwano
& Hatano, 2011; Shimamoto, 1986). At intermediate shear velocities (about 107=107> m/s), granular friction
displayed strain weakening (Bureau et al., 2002; Elst et al., 2012; Heslot et al., 1994; Kuwano et al., 2013; Reches
& Lockner, 2010). At faster shear velocities (about 107°-10~" m/s), granular friction shows strong shear
strengthening (Bureau et al., 2002; Ferri et al., 2011; Heslot et al., 1994; Kuwano & Hatano, 2011; Kuwano
etal., 2013; Reches & Lockner, 2010; Shimamoto, 1986; Taylor & Brodsky, 2017; Weeks, 1993). At even higher
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shear velocities (v > 0.1 m/s), profound shear weakening of granular friction is apparent (Chen et al., 2020; Di
Toro et al., 2011; Ferri et al., 2011; Hu et al., 2020; Kohli et al., 2011; Reches & Lockner, 2010).

Many researchers have predicted shear-velocity dependence of granular friction based on a variety of physical
models. For rock friction, researchers usually use a rate-and-state friction law (RSF) to explain the shear-velocity
dependence of friction (Dieterich, 1979; Marone, 1998; Ruina, 1983; Scholz, 1998). For granular materials, re-
searchers considered granular friction from particle interactions at different shear velocities. At different shear
velocities, the description of a granular flow can range from “solid-like” to “gas-like” (Bagnold, 1954; Camp-
bell, 2005; Jaeger et al., 1996). The concept of a dimensionless inertial number (/) was used to describe the grain
inertial stress in the confining stress (Bocquet et al., 2001; Campbell, 2006; Clement, 1999; GDRMiDi, 2004;
Iverson, 1997; Lu et al., 2007; Savage, 1984).

J=_"_ Q)

where y is the shear strain rate, P is the normal stress, p is the grain density, and d is the grain diameter. Rabi-
nowicz (1951) hypothesized that dry granular friction was controlled by the area (A,) of the ensemble of asperities
between two contacting macroscopic bodies, which depended on the elapsed time after forming a contact, also
called the contact's “maturity” or “age.” We can use a time dimension state variable ¢ to quantify it (Baumberger
& Caroli, 2006; Dieterich, 1978; Dieterich & Kilgore, 1994; Rice et al., 2001; Ruina, 1983). As this hypothesis
evolves, it is suggested that the frictional resistance (7) is directly related to Ar (¢) (Bowden & Tabor, 1964).
Furthermore, the shear strain rate (y) has the potential to influence the scaling factor and a collection of internal
state variables symbolized as 6. These variables can be represented diagrammatically as the shear resistance
denoted by 6,(8, 7) (Baumberger & Caroli, 2006; Bowden & Tabor, 1964). Then the ** (7) (steady-state frictional

resistance) can be expressed as:

A [@D]o.[0(). 71

e @

(@) =

where A, is the nominal contact area.

The transitions in the velocity dependence of shear strength as described above have also been the focus of
various empirical or micromechanical friction laws (Chester & Higgs, 1992; Noda & Shimamoto, 2010;
Putelat et al., 2007; Reinen et al., 1992). A microphysical model based on carbonate faults, which takes into
account the porosity of the principal slip zone (PSZ) and temperature variations is known as the “Chen-
Niemeijer-Spiers” (CNS) model, and is currently in good agreement with the velocity dependence of
friction across a large range of laboratory shear velocities. The model is proposed in Chen and
Spiers (2016) and can approximately describe the velocity dependence of granular friction considering
creep, shear velocity, and temperature after further refinement (Chen & Spiers, 2016; Chen & Nie-
meijer, 2017a; Chen et al., 2017, 2020). Aharonov and Scholz (2018) have recently established a physics-
derived principle governing rock friction that takes into account the microphysics of contact creep, in-
corporates an exponential law, and accounts for the interaction between frictional heating and the process.
Their model examines the stress and temperature levels at asperities, and it can forecast various deformation
modes based on velocity, including local (flash) melting.

The velocity-dependence of friction for granular materials across the possible large range of shear velocities still
requires verification. Previous researchers have studied small and scattered shear-velocity ranges which were less
than 5 orders of magnitude. In this study, we described velocity-dependent experiments on granular friction
across 9 orders of magnitude in shear velocity (1072 m/s) for three kinds of granular materials. Our results
appeared to be in good agreement with the latest Chen et al. (2020) model. In addition, we recorded acoustic
emissions to investigate factors other than temperature that led to weakening at high shear velocities, leading us to
suggest that shear-induced internal vibration may also contribute to weakening.
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Figure 1. (a) Schematic diagram of the mechanical components of the ICL apparatus, position of the acoustic sensor and the
size of sample. (b) Cross section of the entire specimen configuration and the details of a cross-section of the shear box, and
the model diagram of distribution of normal stress () and shear stress () of the whole sample.

2. Method
2.1. Material and Description of the Apparatus

Herein we compare the mechanical properties of granular materials under different conditions. Shear velocity
differs across 9 orders of magnitude (1072 m/s). We used different granular materials: glass beads (specific
gravity of 2.60), quartz sand (specific gravity of 2.65), and fluorspar (specific gravity of 3.18). Fluorspar is
commonly found in various geological environments, including hydrothermal veins, sedimentary rocks, and hot
spring deposits. Fluorspar has a hardness of 4 on the Mohs scale, so it is relatively softer compared to many other
minerals. This softness can make fluorite susceptible to scratching and damage. Different grain diameters: 0.2,
0.5, 0.8, and 1.0 mm were selected, and different normal stresses were applied: 200, 500, and 1,000 kPa. Ex-
periments across this shear-velocity range were carried out using a rotary-shear International Consortium on
Landslides (ICL) apparatus (Figure la) and the Low-to-High Velocity Rotary-shear (LHVR) apparatus
(Figure 2a), covering the slow and rapid velocity ranges, respectively (107°-0.5 m/s in the ICL apparatus and
107*=2 m/s in the LHVR apparatus).

We followed the methods of, Johnson and Jia (2005), Johnson and Jia (2005), Jop et al. (2006), Savage and
Marone (2008), Elst et al. (2012), and Kuwano et al. (2013) to use glass beads packs as a simplified granular
material that avoids particle shape, particle crushing and other factors, which may reflect the physical mecha-
nisms of geological shear zones. A second advantage of uniform granular beads is that they allow simple, accurate
analysis of changes in grain morphology (Rossi et al., 2007; Scuderi et al., 2015). Finally, spherical beads are
commonly used in numerical simulations, which is the focus of ongoing work (Ferdowsi et al., 2014).

Acoustic emissions were recorded continuously during the experiments. We used wide-band acoustic sensors
(WD type, ¢ 18 mm X 17 mm, made by Physical Acoustics Corporation, USA). The maximum frequency of the
AE signal that can be captured (Peak Frequency) is 900 kHz. AE sensors were attached on both ICL and LHVR
apparatuses, and the data were collected at a frequency of 1 MHz using commercial acquisition systems (National
Apparatus Company, USA, NI compact DQA, PXle-1084 and BNC-2110). The attachment point of the AE
sensor on the two apparatuses is shown in Figures 1a and 2b respectively.

After high-velocity shearing, the grain texture and surface were examined at high magnification using a scanning
electron microscopy (SEM). The change of surface roughness after high-velocity shearing was measured by a
Confocal Microscope (UP-Lambda, made by Rtec Instruments, USA). The information on the experiments
performed is summarized in Table 1. After the experiments, we sieved samples of quartz sand and fluorspar and
discovered that both of them were crushed, while the glass beads remained at a uniform grain diameter.

2.2. Slow Shear Experiments

The slow shear experiments described in this study were carried out using the ICL ring shear apparatus (Figure 1a,
described in Sassa et al. (2014)). The ring-shaped shear box had an inner diameter (r;) of 71 mm, an outer
diameter (,) of 50 mm, and the height of the sample involved in shearing was about 13 mm (h). The cross-section
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Figure 2. (a) The mechanical components of the LHVR are depicted in a schematic diagram. (b) The modified sample loading
mode and position of the AE sensor (the detail was shown as Movie S1). (c) A model diagram of the distribution of normal
stress (o) and shear stress (z) of the whole sample and loading process of granular material samples.
of the entire specimen configuration and the details of a cross-section of the shear box are shown in Figure 1b. The
upper part (moving part) was fixed during shearing, and the specimen was sheared by rotating the lower part
(rotating part). The shear resistance was measured by two torque sensors attached to the upper part. Rubber rings
were glued to the lower part of the shear box at the joint to prevent unintended leakage during consolidation and
Table 1
Table of the Experiments Performed in the ICL and LHVR
Set no. Apparatus Material Diameter (mm) Normal stress (kPa) Velocity (m/s)
1 ICL Glass bead 0.2 200 107805
2 ICL Glass bead 0.2 500 107805
3 ICL Glass bead 0.2 1,000 1078-0.5
4 ICL Quartz sand 1 200 1078-0.5
5 ICL Quartz sand 1 500 1078-0.5
6 ICL Quartz sand 1 1,000 107%-0.5
7 ICL Fluorspar 1 500 1078-0.5
8 ICL Fluorspar 1 1,000 107805
9 LHVR Glass bead 0.2 500 1074-2.0
10 LHVR Glass bead 0.2 1,000 1074-2.0
11 LHVR Glass bead 0.5 1,000 1074-2.0
12 LHVR Glass bead 0.8 1,000 1074-2.0
13 LHVR Glass bead 1.0 1,000 107-2.0
14 LHVR Quartz sand 1.0 500 107*-2.0
15 LHVR Quartz sand 1.0 1,000 1074-2.0
16 LHVR Fluorspar 1.0 1,000 107*2.0
GOU ET AL. 4 of 26
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shearing. The distribution of normal stress (o) and shear stress (z) of the whole sample is shown in the model
diagram in Figure 1b. The apparatus can be used to perform velocity-controlled and torque-controlled tests with
an applied maximum normal stress of 3 MPa and a maximum shear velocity of 0.5 m/s. The precision of the
normal stress load sensor and shear load sensor is 0.01%—-0.03% of full scale. For the shear-velocity control, the
lower part of the shear box was rotated using a servo-controlled ram at different constant angular velocities. We
used the average of the inner and outer diameter of the annular sample as the equivalent radius to calculate the
shear velocity (Jiang et al., 2017; Sassa et al., 2014).

For the granular layer to shear freely as in a natural rock avalanche, the “Bromhead” mode was employed to
simulate granular kinematics without a forced shear plane (Bromhead, 1979). Since the ICL apparatus has a circle
width of about 20 mm, for the glass beads, we thought that the grain size should be less than 1/10 of the sample
size, so we chose 0.2 mm grains. For the quartz sand, we wanted to be consistent with the grain size of the LHVF
sample, so we chose 1 mm grains. One mm of quartz sand can produce significant crushing. Experiments were
carried out with 0.2 mm glass beads and 1 mm quartz sand under three normal stresses (200, 500, and 1,000 kPa).
The shear velocities performed on the ICL ranged from 107 to 0.5 m/s. Twenty-six experiments with different
velocities were performed across this range.

2.3. Rapid Shear Experiments

We did the rapid shear experiments using the low-to-high rotary-shear apparatus (LHVR), which was installed at
the Institute of Geology, China Earthquake Administration (Ma et al., 2014) (Figure 2a). The apparatus can be
used for velocity-controlled and torque-controlled tests with applied maximum normal stresses up to 80 MPa and
a maximum nominal shear velocity of 2 m/s. We modified the original loading method of the LHVR to achieve
high-velocity shearing of thick granular material samples. The assembly method of the modified sample is shown
in Figure 2b. To prevent any relative sliding of the interfaces between the particles and the loading heads, teeth
measuring 1 mm in height were attached on the upper and lower loading heads, and the sample thickness was
raised from 1 mm (as outlined in Ma et al. (2014)) to around 10 mm. The loading head was made of titanium alloy.
We restricted the granular materials using a hollow Teflon cylinder with a diameter of ~40 mm and a thickness of
~9 mm and a thermocouple was set up to monitor the sample temperature (Hu et al., 2022) (Figure 2c). It was
assumed that shear stress was a constant in the circular region and the average velocity of the radius distribution of
the contact circle between the rotary head and the sample was the shear velocity (Di Toro et al., 2004; Shimamoto
& Tsutsumi, 1994). We added an assumption that about 9 mm thick samples were all involved in shear to calculate
the shear strain rate (y) in this study.

We also used the “Bromhead” mode to simulate granular kinematics without a forced shear plane (Brom-
head, 1979). The experiments were performed at a 1,000 kPa normal stress on four sizes of glass beads (0.2, 0.5,
0.8, and 1.0 mm) and 1 mm quartz sand, and fluorspar. The shear velocities performed on the LHVR ranged from
107 to 2 m/s. Ten experiments of different velocity were performed across this range.

2.4. Calculation of Shear Velocity and Shear Stress

For both slow (ICL) and rapid shear tests (LHVR), we followed the same method to calculate shear velocity and
shear stress. The shear velocity v changes depending on the radial location of the cylinder. To calculate an
equivalent shear velocity, denoted as zveS, which describes the rate of total frictional work on the shear surface
area S, we adopted the approach of Shimamoto and Tsutsumi (1994) and Hirose and Shimamoto (2005). The v can
be calculated as:

_ 47rR(r12 +rn+ r%)
B 3(r + 1)

3)

In this study, the revolution rate of the motor is denoted by R, while r; and r, represent the inner and outer di-
ameters of the hollow cylindrical specimens. It should be noted that in the context of rapid tests involving a solid
cylinder (LHVR), the value of r; is considered to be zero, so we get

47Rr,
V=

- @
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Figure 3. The division of the transient stage and steady-state stage. (a) Mechanical results of quartz sand at 1,000 kPa at
0.005 m/s in the ICL apparatus. (b) Mechanical results of quartz sand at 1,000 kPa at 2 m/s in the LHVF apparatus.

We also assume that for a uniform shear stress = over the sliding surface, torque 7 is given by:

2
T= g(r; - rl3) (5)

for rapid tests with a solid cylinder (LHVR), T = 2zz7°.

2.5. Determination of Steady-State and Modification of the ICL Friction Coefficient

We sheared the experiments at different velocity conditions for a sufficient distance that the shear resistance
remained essentially stable. We followed Di Toro et al. (2004) to divide the shear process into a “transient stage”
and a “steady-state stage,” as shown in Figure 3. In the transient stage, the shear strength varied (including
weakening, as in Figure 3b) to relatively stable values in the steady-state stage. We observed that the characteristic
distance of the transient stage increased with increasing shear velocity, but it is not within the scope of the present
study. The ratio of the steady-state shear resistance (z,,) to the normal stress () was taken as the steady-state
friction coefficient (u,,). In this study, we focused on the dependence of the steady-state friction coefficient on
the shear velocity.

Experiments performed on these two rotary shear devices had overlapping shear velocities. However, even when
the same materials were sheared at the same velocity under the same normal stress, we obtained significantly
different p, values. What we measured was all friction, which included boundary friction. In general, p,, of
experiments performed on the ICL apparatus was larger than that on the LHVR under the same conditions,
because the sidewall material of the ICL apparatus was stainless steel (sliding friction coefficient is 0.3-0.4) and
the sidewall material of the LHVR apparatus was Teflon (sliding friction coefficient is 0.05). In this study, the
boundary friction caused by the sidewall made of Teflon was ignored. The friction measured in the ICL apparatus
consisted of three components: friction inside the shear granular layer (u), friction between the granular and the
inner and outer ring boundary walls of the shear box (y,,), and friction between the shear box and the rubber ring
(u,). We have corrected the friction coefficient obtained from the ICL apparatus using the following equation:

= Ho = Hy = By ©)

where 4, is the friction coefficient measured directly by the ICL apparatus. We calibrated y, by shearing water at
200, 500, and 1,000 kPa for 25, 20, and 15 kPa, respectively. We calculated y,, using the following equation:

T, 2arih-ko -y, -1+ 2xrh-ko-p, -1y
Ly, = .

= 7
T 0 T, Ho @)

Hp

where T, is the sidewall friction additional torque, and e is the total measured torque of ICL. & is the ratio of lateral
pressure to vertical pressure, taking k = 0.5 (Sassa et al., 2014), A is the sample height involved in shear, o is the
normal stress, yu, is the sliding friction coefficient between the granular material and the stainless-steel side wall
(rolling friction and dependence of u, on shear velocity were not considered here), and r; and r, are the inner and
outer diameters of the shear box, respectively.
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The porosity was calculated by dividing the particle volume by the sample volume. We used the difference
between the maximum and average values of the shear resistance at the steady-state stage as the experimental
error bar.

3. Results
3.1. Slow Shear Experiments

We measured the mechanical properties of the granular materials in the ICL apparatus across as wide a range of
shear velocities as was possible. We selected two materials, glass beads and quartz sand, and three normal stresses
of 200, 500, and 1,000 kPa. The detailed mechanical results of 1 mm quartz sand under 1,000 kPa at ICL is shown
in Figure 4, which shows the variations in shear resistance and porosity during shear recorded by the ICL
apparatus at 26 velocities in the range of 107°~0.5 m/s. The detailed mechanical results of quartz sand and glass
beads under different experimental conditions are shown in Figures S1-S5 of the Supporting Information S1.

Based on the results of Figure 4 and Figures S1-S5 in Supporting Information S1 we calculated the steady-state
friction coefficients at different velocities and modified them based on Equations 6 and 7. The dependence of the
modified steady-state friction coefficient (u,,) and steady-state porosity (V) of quartz sand and glass beads on the
velocity is shown in Figure 5. The experimental results for glass beads are shown in Figure 5a. With the increase
of velocity, the trend in y,, increased by 0.1 in the velocity range of 107°~10~7 m/s, decreased by 0.2 in the
velocity range of 107=107> m/s, and increased again by 0.1 in the velocity range of 107°-10~" m/s. When the
velocity was extremely low (v < 1077 m/s), we found that the y,, of glass beads was also influenced by normal
stress: the higher the normal stress, the lower the u . After that, with increase in velocity, u,, curves under the
three normal stresses gradually approached until they overlapped.

The results for quartz sand are shown in Figure 5c. The steady-state friction coefficient showed similar trends for
glass beads, but the pg, of quartz sand was more influenced by normal stress. For extremely low velocities
(v < 107" m/s), the higher the normal stress, the lower the yi,,. As velocity increased, the s, curves became steeper
in the descending section and gentler in the second ascending section with increasing normal stress. In particular,
u,, showed a second slight decreasing trend at high shear velocities (v > 0.1 m/s) at 1,000 kPa. The porosity
changes of two materials at different shear velocities were shown in Figures 5b and 5d, and the V; gradually
became smaller with increasing velocity. The higher the normal stress, the more obvious the shear contraction.

Experimental results from ICL showed that both glass beads and quartz sand exhibited a pattern of 4 increasing,
decreasing, and then increasing with increasing velocity. In particular, there was a second slight weakening of
quartz sand when v > 0.1 m/s at 1,000 kPa. A bit of v-weakening results for quartz sand can only be obtained
(Figure 5b) at high shear velocity (v > 0.1 m/s) due to the maximum shear velocity of the ICL apparatus being
0.5 m/s. Fluorspar, a more easily crushed material, was used for further experiments: it showed a more pro-
nounced rapid-shear weakening on the ICL apparatus (Figure 6). In the variation pattern of y, the velocity for
fluorspar was also similar for different normal stresses for 500 and 1,000 kPa (Figure 6). The individual me-
chanical data of fluorspar under different experimental conditions is shown in Figures S6 and S7 of the Supporting
Information S1.

3.2. Rapid-Shear Experiments
3.2.1. Mechanical Data

Since the maximum shear velocity in the ICL apparatus is 0.5 m/s, we used the LHVR apparatus to study the
frictional characteristics of the granular materials at higher shear velocities. The normal stress for these exper-
iments was set at 1,000 kPa.

The detailed mechanical results of LHVR tests with different size of glass beads are shown in Figure 7. The test
results on the left side (Figures 7a, 7c, 7e, and 7g) represented the mechanical results with shearing velocities from
0.0001 to 0.07 m/s for different sizes of glass beads (from 0.2 to 1 mm). No evident weakening was observed in
those results. If we increased the velocity to the range from 0.1 to 2 m/s, the shear resistance weakening became
very evident, as shown in the right side of Figure 7 (Figures 7b, 7d, 7f, and 7h). Moreover, no crushing was
observed after the rapid shearing for all the glass bead tests. From shear velocities of 0.1 to 2 m/s (comparatively
high speed), the glass beads of different sizes presented different initial friction coefficients, however the steady-
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Figure 5. Variation in the steady-state friction coefficient (u,,) and steady-state porosity (V) of granular materials as
function of velocity. (a, b) 0.2 mm glass beads at three normal-stress conditions. (¢, d) 1 mm quartz sand at three normal-
stress conditions (results using the ICL apparatus).

state friction coefficients seemed to merge to the same value under the same shear velocity, as shown in Figures

S8a—S8d of the Supporting Information S1. From 0.5 to 0.01 m/s, the steady-state friction coefficients for

different particle size were quite different even under the same shear speed, as shown in Figures S8e—S8h of the

Supporting Information S1.

The mechanical data of the low-to-high rotary-shear apparatus (LHVR) on crushable quartz sand and fluorspar

particles are presented in Figures 8a and 8b with different shear velocities from 0.0001 to 2 m/s. Extensive

weakening was observed for both materials under comparatively higher velocity (above about 1 m/s). Extensive

crushing was observed after tests on both materials (Hu et al., 2022).

Figure 6. Variation in the steady state friction coefficient as functions of
velocity for quartz sand at 1,000 kPa and fluorspar at 500 and 1,000 kPa
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(results from the ICL apparatus).
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The relationships between yu, (steady-state friction coefficient) and velocity
for the four different grain diameters of glass beads were analyzed. The
overall variation was that p, first decreased with increasing velocity; it then
started to increase when velocity was about 0.01 m/s; when velocity exceeded
0.1 m/s, ug, decreased again with increasing velocity (as shown in Figure 9a).
The u,, value decreased with increasing grain diameter under the same
conditions. For different granular materials, the y, of quartz sand was greater
than that of fluorspar, and the p, of glass beads was the smallest at lower
velocities. All of three kinds of granular materials exhibited a pattern of p
decreasing, increasing, and then decreasing sharply to about 0.2 with
increasing velocity (as shown in Figure 9b), which was unrelated to the
particle size or to the grain type (whether it was broken or not). The variation
pattern of u , with velocity for glass beads (Figure 9c) and quartz sand
(Figure 9d) were also similar for different normal stress conditions. The
detailed mechanical results of 0.2 mm glass beads at 500 kPa and 1 mm quartz
sand at 200 kPa are shown in Figures S9 and S10 of the Supporting Infor-
mation S1 respectively.
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Figure 7. Mechanical results for each velocity at using glass beads with of different sizes under 1,000 kPa on the LHVR apparatus.

GOU ET AL.

10 of 26

85Us017 SUOWILLOD BAIERID 3]qeoljdde auy Aq peusenob e s9joile YO 9sn Jo SajNn1 10} Akeid18UlUO A8|IA UO (SUONIPUCO-PUR-SLLBI WD A IM ARe.q U1 |UD//SANY) SUONIPUOD PUe SWIS | 8U1 89S *[z0¢/20/2T] U0 Ariqi]aulluo AS|IM ‘Yoe1sied 10dS3 Aq TvZ8Z0arez0z/620T OT/1op/wod Ae|mAreiqpujuo'sgndnBey/sdiy wouy pspeojumod */ ‘vZ0e ‘95E669TC



A7 |
M\I Journal of Geophysical Research: Solid Earth 10.1029/20231B028241
AND SPACE SCIENCES
a b
1000 1000
Quartz sand Fluorspar m's 2
S 800 s
X X
(o] @
600
% 400 ——0.01 2
by ——0.001 =
g 200 ——0.0001 8
< <
& o (S.S.: Steady state) S. & o (S.S.: Steady state)
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Shear displacement (m) Shear displacement (m)
Figure 8. The mechanical data of the high-velocity rotary tests (LHVR) on crushable mineral particles (quartz sand and
fluorspar). (a) The mechanical data of high-speed rotary tests on quartz sand at 1,000 kPa. (b) The mechanical data of high-
speed rotary tests on fluorspar at 1,000 kPa.
3.2.2. Acoustic Data Analysis
‘We monitored acoustic signals for each experiment. We used five representative experiments of glass beads with
a size of 1 mm under a normal stress of 1,000 kPa and with different shear velocities (representatively 0.001, 0.1,
0.5, 1, and 2 m/s) to analyze changes in the mode of interaction between grains as velocity increased. Figures 10a,
10e, 10i, 10m, and 10q shows the results of mechanical data at each shear velocity. As velocity increased, the
friction coefficient of glass bead packs gradually weakened and a higher acoustic amplitude was recorded during
shearing (Figures 10b, 10f, 10j, 10n, and 10r). The acoustic energy was calculated based on the monitoring of the
AE signal using the equation:
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Figure 9. Variation of the u (steady-state friction coefficient) of granular materials as a function of shear velocity for the
LHVR tests. (a) u,, Analysis for glass beads of four different sizes (0.2, 0.5, 0.8, and 1.0 mm) with different shear velocities at
a normal stress of 1,000 kPa. (b) u,, for three granular materials with a size of 1 mm with different velocities (glass beads,
quartz sand and fluorspar) at a normal stress of 1,000 kPa. (c) Variation of 4., of 0.2 mm glass beads as a function of velocity
at 500 and 1,000 kPa. (d) Variation of y  of 1 mm quartz sand as a function of velocity at 200 and 1,000 kPa.
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Figure 10. Acoustic emissions at different shear velocities of 1 mm glass beads on the LHVR apparatus. (a, e, i, m, q) Relationship between friction coefficient, vertical
displacement and shear displacement for the five velocity conditions from low to high. (b, f, j, n, r) Relationship between acoustic amplitude and shear displacement. (c,
g, k, o, s) Relationship between acoustic frequency and shear displacement. (d, h, 1, p, t) Relationship between acoustic energy and shear displacement.

where A, is the AE amplitude measured in volts. The acoustic energy that can reflect the granular temperature
(Taylor & Brodsky, 2017) also increased with increased velocity, as shown in Figures 10d, 10h, 101, 10p, and 10t.

We used the short-term Fourier transform method (Allen, 1977) to analyze the acoustic waveforms generated by
shearing at different velocities. The AE frequency was found to be lower at slower velocities, and only two bands
of a few tens of kHz and about 100 kHz were visible. We noted the AE signal of the apparatus before the
experiment. The results showed that the noise signal (Figure S13 in Supporting Information S1) was stable and the
intensity was much smaller than the AE signal generated by the movement of the sample. As the shear velocity
increased, more acoustic emissions appeared in the 200 and 300 kHz bands. The acoustic amplitude increased
with increasing shear velocity, as shown in Figures 10b, 10f, 10j, 10n, and 10r. The variation of acoustic energy
with velocity showed the same pattern of amplitude (Figures 10d, 10h, 101, 10p, and 10t). The acoustic emission
band generated during shearing showed a stepwise increase with increasing velocity.

Under different grain diameter condition, acoustic energy increased with increasing inertia number (/). At about
I =102, the growth trend of acoustic energy started to steepen (Figure 11a). The shear velocity at this point was
about 0.1 m/s and the y started to weaken (Figure 11a). We normalized acoustic energy by grain mass and found
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7] ) s ® wi . . 4
2 107} t .
& 10° 10°F e ¢
10% L A L AL L A o " " " { " "
10° 107 10° 10° 10* 10° 10 10" 10° 107 10° 10° 10* 10° 10% 10"

Inertial number Inertial number

Figure 11. (a) The relationship between acoustic energy (E,) and inertial number (I) for three grain diameters of glass beads.
(b) Acoustic energy normalized by grain mass, that is, grain diameter cubed (E, /d®) as a function of inertial number (I).
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Figure 12. SEM images of one of the original 1 mm glass bead and one of a 1 mm glass bead after 1,000 kPa at 2 m/s
experiment at LHVR. (a, b) Image of an original glass bead at increasing magnifications. (c—f) Images of a glass bead after
tests at increasing magnifications as indicated.

that these relationships approached each other for all grain sizes (Figure 11b). The results showed a two-stage
increase in granular temperature with increasing /, from gentle to steep. After the high-velocity weakening
phase was entered, the data were averaged across all three grain diameter ranges, and the relationship
observed was:

E,/d® > 1.4 ["0*01 )
Taylor and Brodsky (2017) obtained a similar relationship under low normal stress:
Ea/d3 EIl.Oi—O.l (10)

The results of acoustic monitoring using the ICL apparatus are shown in Figures S9 and S10 of the Supporting
Information S1.

3.3. Grain-Surface Textures
3.3.1. SEM Observations

The grain-surface textures revealed the evidence of interactions between particles. We examined SEM images of
one representative 1 mm glass bead before test and after a high shear-velocity experiment under a normal stress of
1,000 kPa and shear velocity of 2 m/s. The surface of an original glass bead was relatively smooth (Figures 12a
and 12b), while the surface of a bead after shearing was pitted. The surface texture after the high shear-velocity
experiment had two main features. The surface was scattered with sharply defined pits that looked like those left
by violent collisions of particles (Figure 12¢) and these pits had a diameter of approximately 20 pm (Figure 12¢).
These impact pits might be due to the increase in velocity, as the shear granular flow became “ gas-like” flow, and
the interaction between the particles changed from friction-driven to collision-driven (Bagnold, 1954; Camp-
bell, 2005; Jaeger et al., 1996). Although the surface between the sharp pits appears relatively smooth, it is
covered with streaks. At higher magnification, the grain surface appeared to be covered with relatively long, sub-
parallel curvilinear traces (Figures 12d and 12f). We suspect that these traces might be “chatter marks” of stick-
slip formed by particle friction in a high-frequency vibration field during high-velocity shearing or slip of one
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Figure 13. SEM images of one of the original 1 mm quartz sand particles and one of the 1 mm quartz sand particles after the
1,000 kPa at 2 m/s experiment at LHVR. (a, b) Image of an original quartz sand particle at increasing magnifications. (c—f)
Images of a quartz sand grain after the test, at increasing magnifications.

particle past another. We selected large particles in the quartz sand samples after high- velocity shearing for SEM
observation as well. The micromorphology of 1 mm quartz sand before the test and after a high shear-velocity
experiment under a normal stress of 1,000 kPa and shear velocity of 2 m/s is shown in Figure 13. Although
no serried “chatter marks” were similar to those discovered on the surface of glass beads after the test, pits that
may be caused by grain collision were also present on the surface of quartz sand, as shown in Figures 13c—13f.
The size of pits on the surface of quartz sand is smaller than that on the surface of glass beads, and were only 6—
10 pm.

3.3.2. Confocal Microscope Observations

The SEM images did not show the topography of the particle surface, so we used a Confocal Microscope (CM) to
further analyze the surface roughness of the original glass beads and the glass beads after shearing at 1,000 kPa at
2 m/s at LHVR (Figures 14a and 14d). We selected the core area of the CM images (yellow line area in
Figures 14a and 14d) and removed the sphere shape with a diameter of 1 mm (Figures 14b and 14e). We used S, to
denote the roughness of the area shape, which represents the arithmetic mean deviation of the area shape (Da-
vid, 2004), defined as:

N M
Se=(1/NM) Y > |2, (11)

i=1 i=1

In this context, Z refers to the distance between a point on the contour of the object surface area and a reference
plane. Meanwhile, M and N represent the number of sampling points in two perpendicular directions within the
evaluation area. The surface roughness S, = 0.1040 is for the original glass beads and S, = 0.3927 for the glass
beads after shearing at 1,000 kPa in the 2 m/s experiment (Figures 14c and 14f). The rapid shearing had increased
the surface roughness of the glass beads.

4. Experimental Data Interpretation and Extrapolation of y-v Model

We examined how u,, for three kinds of granular materials including quartz sand, fluorspar, and glass beads
decreased, increased, and then decreased with velocity in the range of 107°~2 m/s using the ICL and LHVR
apparatus. The modified ICL results and the LHVR results were stitched together under the same experimental
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Figure 14. 3-D morphology representative results of one of the original 1 mm glass beads and one after a high shear-velocity
experiment at 1,000 kPa at 2 m/s at LHVR. (a) Confocal microscope (CM) image of an original glass bead. (b, ¢) The 3D
morphology results after removing the shape of the yellow line area in (a), (d) CM image of a glass bead after the test. (e, f)
The 3D morphology results after removing the shape of the yellow line area in (b).
conditions, as shown in Figure 15. Figure 15 showed the velocity-dependent results for glass beads, quartz sand
and fluorspar over the full range of shear velocities tested. They represented two different granular materials
(round and angular, crushed or not), and the common law can represent a more general result for granular ma-
terials. Across the tested velocity range, u,, exhibited two strengthening regimes and two weakening regimes, in a
very broad “m-like” shape, as shown in Figure 16b. These four regimes are discussed separately below.
S. Discussion
@ ICL: 10%~0.5m/s LHVR: 10“~2m/s This study employed the ring shear mode, using as few instruments as
: + d . . . _ . . .
= 12—~ e possf?le (only the I.CL ring shear apparatus and LHVF high V.e10c1ty friction
ch A Fluorspar on ICL A Fluorspar on LHVR machine), and achieved the clearest and most comprehensive ‘“M-shape”
‘g 10 © GlassbeadsonICL Glassbeadsion]CHIVR conclusion to date. Previous studies used at least three different instruments
% I » Ada for their experiments, including biaxial, triaxial, torsional shear, and high-
8 0.8 |- 55‘ l umE ::ﬁ adh i!l Z? speed friction machines. A limitation is that these instruments had different
g 0.6 | i shear modes, leading to substantial differences in friction within overlapping
5 ’ 2 4 a a N velocity intervals. The diverse shear modes made it challenging for re-
E sl - ‘: searchers to believe in the “M-shape” conclusion. We discovered frictional
9 L A rate-dependent effects of granular materials (including crushed and uncrushed
‘g 02k !% materials) across nine orders of magnitude from 1078 to 2 m/s. In this way,
%a L four regimes of granular material mechanical behavior as a function of shear
e velocity were clearly delineated. The low-speed experiments in the Di Toro
2 109 10 107 10° 10° 10* 10° 10% 10" 10° 10’ ot :
n Velocit et al. (2011) and were the result of rock friction, which could not reflect the
elocity

Figure 15. Test results conclusions and y-v model. The ICL and LHVR
results were combined to show the three kinds of granular materials of quartz
sand, fluorspar, and glass beads at 1,000 kPa.

friction characteristics. Previous studies just spliced frictional velocity effect
of different rocks and a few gouges in a small velocity range (less than 5
orders of magnitude), so, it is also not possible to obtain the other three re-
gimes clearly except the high-speed weakening regime. We discovered that
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the weakening regime existed not only in broken materials but also in un-

0.0
10° 10 107 10 10° 10 10 102 10" 10° 10°

of Pascals). The weakening regime of unbroken granular flow was not

a

3 { p _Resime1 _Regine Regime3 Regined broken granular materia?s under shear velocity (v > 0:1 m/s) and normal stress
o ®  Friction coefficient (>0.2 MPa). In the previous studies of granular physics, rate-dependent study
.g 1.0k 4 Temperature - 300 of unbroken granular material is also an important topic. However, the pre-
£ osl . at 1o E vious study is mostly based on very low normal stress (tens of Pascals), the
§ . . Ny guu mEN EEE mEE HEg A oo o mechanical behavior of unbroken granular flow under comparatively high
S 06} A -3 normal stress is not clear. Bagnold (1954), Jaeger et al. (1996), Camp-
:g_' 04 ARl 11%0 g’_ bell (2005), and Jop et al. (2006) concluded that granular flow had a quasi-
g | e T 5 static regime, transitional regime and inertial regime. At high shear veloc-
*3' 0.2} e, T = ities granular flow would go to the gas state and the friction would increase
é‘ e o ] “f “ A‘ | 0 continuously or remained smooth due to inertia under low normal stress (tens
%

b

Velocity (m/s) discovered in the previous studies. This study discovered that the weakening
regime exists in unbroken granular materials (glass beads), which was not
$ Regimel Regime2 Regime3 __ Regimed only a potential contribution to earth science, but also equally important for
S i . Il e 1 v- .
> E :trengvl-henin4 weakening | strengthening L weakening granular phy51cs_
S L o 0 Bar-Sinai et al., 2014 —> ! J
h-] i | Stronger than Logarithmic H
. : : : We compiled a number of references to analyze the physical mechanisms of
= each regime of the y-v model. Possible velocity-strengthening or weakening
L b eon 1 . 1 mechanisms are listed in Table 2.
PE i
» 1 This ICLtest 1 a
> ; ; : 5.1. Mechanisms of the Quasi-Static Regime
° E 'c,m_,ikei S | B o] First, p,, exhibited strengthening at very slow shear velocities (Regime 1 in
=2 c astic flow! contact 1 Inertial effects 1 thermal, crushin . .
g% plastc ToW)  asperies ! +ndvibraton” Figure 16b). Jaeger et al. (1996) and Campbell (2005) described the very slow
: Log(velocity) shear of granular materials as “solid-like” granular flow, and called this

Figure 16. Test results conclusions and p-v model. (a) Results of steady-state
friction coefficient and temperature with shear velocity of 1 mm quartz sand
at 1,000 kPa. (b) u-v model and volume variation over the full range of

laboratory shear velocities.

regime the “quasi-static regime (or critical regime).” Many studies on quartz
gouge that have demonstrated slip can be unstable at very low shear velocities
(10781077 m/s), with the stability being largely controlled by the effective
normal stress, gouge grain size and stiffness of the loading system (Bedford &
Faulkner, 2021; Gu & Wong, 1994; Scuderi et al., 2017). The results from our
ICL experiments indicated shear resistance strengthening in this regime.
Shimamoto (1986) and Kuwano and Hatano (2011) found similar experimental results with halite (rock salt) in a
triaxial apparatus and granite in a rheometer. Material like halite falls in the flow regime at a very low slip rate and
the shear resistance depends on shear velocity (Shimamoto, 1986). Estrin and Bréchet (1996) highlighted the
similar shear strengthening behavior of both ductile and brittle materials. As the shearing process of granular
materials is irreversible, we believed that shear strengthening at very slow velocities was due to a creep-like
plastic flow response (Chen et al., 2017; Estrin & Bréchet, 1996; Niemeijer & Spiers, 2007; Shima-
moto, 1986). The ICL ring shear apparatus controlled the extremely slow experiments through the control of the
average shearing velocity (if we zoom in on the relationship between shear resistance and shear displacement, we
notice a step-like change in shear resistance before reaching a steady state, shown as Figure S14 in Supporting
Information S1). The limitations of replacing instantaneous velocity with average velocity under extremely low-
velocity conditions in this study meant that the experimental results at very low velocities were provided for
reference only. Furthermore, we tried a new experimental method to verify that if the shear displacement of about
1 mm after a 29.4-hr shearing period enable the shear to reach the steady state. First, we sheared the sample to a
steady state at a velocity of 10™> m/s, and then immediately reduced the shear velocity to 107® m/s, so that the
extremely slow experiment was completed under steady state condition, shown in Figure S15 of the Supporting
Information S1. The shear resistance obtained was basically consistent with the resistance of extremely slow shear
in the Result part. Description in this study 29.4-hr shearing period enable the shear to reach the steady state.

5.2. Mechanisms of the Transitional Regime

At slightly increased shear velocities (107—=107> m/s), u,, exhibited the first weakening (Regime 2 in
Figure 16b). After the creep regime, Reinen et al. (1992), Chester and Higgs (1992), Putelat et al. (2007), and
Noda and Shimamoto (2010) discovered similar experimental velocity-weakening phenomenon using serpen-
tinite, quartz gouge, spring-block, halite. They called this regime the “transitional regime” and thought that this
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velocity-weakening was due to flow- to friction-governed rheology. Some studies used granular material to
propose that unstable intermittent flow (stick-slip) may cause the velocity-weakening because stick-slip behavior
was obvious in this regime (Estrin & Bréchet, 1996; Jaeger et al., 1990; Léopoldes et al., 2020). Sleep (1995),
Niemeijer and Spiers (2007), den Hartog and Spiers (2014), and Chen et al. (2017) suggested that the dilation of
the granular effective shear zone caused this weakening, but it was too difficult to monitor the volume change of
the effective shear zone. Our experimental results from ICL showed no significant volume dilation of the whole
sample in this regime for either glass beads or quartz sand (Figures 5b, 5d, and 16b). Based on rate- and state-
dependent friction laws, some studies used polymer glass and rocks to propose that on the particle surfaces
the “lifetime” of a contact asperity was shorter at higher shear velocity, that is, “rejuvenation,” thus higher ve-
locity corresponded to lower friction (Bar-Sinai et al., 2014; Baumberger & Caroli, 2006; Baumberger
etal., 1999; Kilgore et al., 1993; Tullis & Weeks, 1986). Lu et al. (2007) and Elst et al. (2012) proposed the idea of
“auto-acoustic compaction” using acoustic emissions and externally applied vibration and suggested that the
weakening in this regime was caused by internal acoustic vibrations in the shear particle system. In this study, we
did not have solid evidence to reveal the physical mechanisms of velocity-weakening in Regime 2. Based on
previous studies, we hypothesized that the velocity-weakening of granular materials in the transitional regime
fundamentally was due to changes in contact asperities, which can be caused by stick-slip, dilation of the granular
effective shear zone, and internal vibration. As to which of these three factors dominates the changes in asperity,
further research is needed.

5.3. Mechanisms of the Inertial Regime

As the shear velocity increased further, the contact area is small enough to reach a critical value at a certain shear
velocity (Bar-Sinai et al., 2014) and the sample begins to compact and the friction begins to increase. Thus, the v-
strengthening phenomenon in Regime 3 may be attributed to compaction of the slip zone enhanced (Aharonov &
Scholz, 2018; Bar-Sinai et al., 2014; Baumberger & Caroli, 2006; Baumberger et al., 1999; Heslot et al., 1994;
Rice et al., 2001). Our experimental sample volume from ICL also began to compact in this regime. On the other
hand, Chen et al. (2017) suggested that the dilatant effect becomes less important and the shear strength was
controlled by grain boundary sliding, which was inherently velocity strengthening.

Bar-Sinai et al. (2014) deduced that there was a stronger than logarithmic regime within this regime but we did not
find any similar phenomenon from our experimental results (Figures 15 and 16b). For granular materials, as the
shear velocity increases, the inertia of the particles cannot be ignored. The Regime 3 in Figure 16b was called the
“inertial regime,” which was relatively well understood from many studies (Bagnold, 1954; Campbell, 2006;
Clement, 1999; da Cruz et al., 2005; GDRMIiDi, 2004; Hatano, 2007; Iverson, 1997; Jaeger et al., 1996; Jop
et al., 2006; Koval et al., 2009; Kuwano & Hatano, 2011; Kuwano et al., 2013; Savage, 1984; Weeks, 1993). At
shear velocities above a certain level, the shearing granular material exhibited a fluid-like, inertial flow regime.
Shear and normal stresses were then related to a particle momentum transfer rate (Bagnold, 1954; Camp-
bell, 2005). Thus, a dimensionless coefficient inertial number / was introduced, as shown in Equation 1

(GDRMIDi, 2004; Savage, 1984). As \/Ti/; is the velocity relaxation time in granular matter (Hatano, 2009), I may

be regarded as an index for the inertial effects inside the flow. Many studies showed u, as an increasing function
of I (da Cruz et al., 2005; GDRMIiDi, 2004; Hatano, 2007; Jop et al., 2006; Koval et al., 2009). It should be noted
that the / calculated herein was small due to the high P value (1,000 kPa) in our study, which was two orders of
magnitude larger than the P values studied by previous studies. Therefore, a modification to allow for the high
normal stress may need to be made to the conventional calculation of /.

5.4. Mechanisms of the Rapid-Shear Weakening Regime

At high shear velocities, p,, showed another significant weakening (Figure 16b), which had several possible
mechanisms, and no consensus has been reached until now. In this regime, the thermal weakening due to frictional
heating was believed to be inevitable (Tullis, 2007). As ambient temperature increased significantly during
shearing, several hypotheses have been proposed as contributing to rapid-shear weakening: “Flash” heating/
melting at asperity contacts (Aharonov & Scholz, 2018; Archard, 1958; Beeler & Tullis, 2003; Beeler et al., 2008;
Blok, 1937; Bowden & Persson, 1960; Bowden & Ridler, 1936; De Paola et al., 2011; Ettles, 1986; Jaegar, 1942;
Lim & Ashby, 1987; Lim et al., 1989; Molinari et al., 1999; Rice, 1999, 2006; Tisato et al., 2012), interfacial
lubrication by friction melt (Bjornerud & Magloughlin, 2004; Di Toro & Pennacchioni, 2004; Ferre et al., 2005;
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Fialko & Khazan, 2005; Hirose & Shimamoto, 2005; Kanamori & Heaton, 2000; Maddock, 1986; Magloughlin &
Spray, 1992; Mase & Smith, 1987; McKenzie & Brune, 1972; Philpotts, 1964; Rempel & Rice, 2006; Sib-
son, 1975; Swanson, 1988; Wenk, 1978), thermal pressurization of pore fluid (Andrews, 2002; Goldsby &
Tullis, 1997; Hu et al., 2019; Lachenbruch, 1980; Lee & Delaney, 1987; Mase & Smith, 1985; Rempel &
Rice, 2006; Rice, 2006; Rice & Cocco, 2007), interfacial lubrication by thixotropic silica gel (Di Toro et al., 2004;
Goldsby & Tullis, 1998, 2002; Titone et al., 2001), and superplastic flow (Chen et al., 2020; De Paola et al., 2015;
Green et al.,, 2015). Except thermal effect, Brune et al. (1990), Castro et al. (1991), Anooshehpoor and
Brune (1994), and Brune and Thatcher (2002) used foam rubber blocks to propose that velocity-weakening may
be due to normal stress reduction or loss of contact from normal interface vibrations. If two layers of materials
have different elastic properties or different permeabilities, the effect of dynamic normal stress reduction from
elastic or permeability mismatch would become obvious (Andrews & Harris, 2005, 2006; Harris & Day, 1997,
2005; Rudnicki & Rice, 2006; Weertman, 1963, 1980; Xia et al., 2005). For granular materials, rapid shear can
cause intense grain crushing and the degree of crushing increased with increasing speed, resulting in velocity-
weakening in this regime (Hu et al., 2020; McSaveney & Davies, 2007). As a large number of nanoparticles
can be produced during the crushing process, nano-powder lubrication is also considered possible for velocity-
weakening (Chen et al., 2013; Han et al., 2007; Reches & Lockner, 2010). Moreover, another idea called
acoustic fluidization suggested that both grain crushing and vibration would produce many elastic waves, which
also can cause velocity-weakening under rapid shear (Collins & Melosh, 2002; Melosh, 1979, 1996; Melosh &
Girdner, 1995; Melosh & Ivanov, 1999).

In this study, we monitored the steady-state temperature results of the samples for each velocity condition. We
discovered that the steady-state temperature of the granular material increased steeply at Regime 4, and it was
clear that shear heating was probably responsible for the majority of the weakening observed at high velocity
(Figure 16a). The results on glass beads in Figure 15 showed that a granular material also entered the weakening
regime without crushing at high shear velocities. The difference in y,, between quartz sand and glass beads in the
weakening regime perhaps may be an approximation of the contribution of crushing in this regime.

Furthermore, many researchers used granular temperature to define the fluctuation energy of individual grains
within a flow, and considered it as a basis for a kinetic theory of granular flow (Haff, 1983; Jaeger et al., 1996).
Taylor and Brodsky (2017) demonstrated that acoustic energy (E,,) was approximately linearly related to granular
temperature. Our experimental results showed an abrupt change in E, when y entered the weakening regime, as
shown in Figure 11. The abrupt change in E,, represented an abrupt change in the granular temperature. This may
indicate that the granular flow underwent a phase change at this point and entered a true gas-like flow regime,
where stresses were supported through grain-grain or grain-boundary collisions, analogous to a kinetic gas model.
In the SEM images of the surface of glass-beads after shearing at 1,000 kPa in the 2 m/s experiment, there were
many small pits, perhaps left by collisions (Figures 12c and 12e). Between the sharp-edged pits, however, the
surface was covered with streaks, as if former sharp pits had been smoothed. At higher magnification, the grain
surface was crossed by many relatively long, sub-parallel curvilinear traces that generally ignored the surface
topography, but locally curved around lumps and into hollows (Figures 12d, 12f, 13c, and 13f). The surface
roughness became rougher (Figure 14). Particles with rougher surfaces should have greater frictional resistance to
each other, so we suspect that collisions between particles at Regime 4 were beginning to become apparent. The
hypothesis of “Acoustic fluidization” suggests that vibrations may contribute to the high-velocity weakening
regime (Collins & Melosh, 2002; Hu et al., 2020, 2022; Melosh, 1996). Based on the microstructural and acoustic
measurements, we were not sure whether the intense vibrations generated by particle collisions could lead to
friction weakening in addition to the two major factors of friction heating and particle crushing, which requires
more in-depth studies in the future.

5.5. Formula Description

The experimental model in our study differed from previous studies in that we replaced two rock columns by
granular material as the initial state of the shear zone. Chen et al. (2020) established a hypothesis based on the
formation of two regions of a shear band and a bulk layer after shearing of two rock columns, and they regarded
the shear band as a granular flow. As the hypothesis in Chen et al. (2020) was similar to our granular shear
experiments, we would follow the equations of the “Chen-Niemeijer-Spiers” model to describe regime 1-3 in
Figure 15b and we hope to further explain the physical mechanism of regime 4. Then the u-v model can be
expressed as a piecewise function:
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1 v(dSb)m

I B,L, f(¢0)

_|RT In
Hss = Q

E
+ 5“}/0, Regime 1 (12)

where v is shear velocity; o is normal stress; E,, is activation energy; R, the gas constant; 7, absolute temperature
(K); Q, activation volume; a preexponential factor B, is adopted for the shear component of contact creep; L,, the
total gouge layer thickness. IT is a dimensionless factor that unifies the deformation in both zones; d*’, is the
average grain size of a shear band; m, is a grain size sensitivity factor; f,,(¢), a porosity function accounting for
changes in grain contact area; ¢ is porosity and ¢, is the minimum porosity.

LA 1/(M+N)
tany, = H [ﬁEpz(T, d,a)]

fiy =i +a;n (vl) , Regime?2and 3 (13)

— ﬁ.m + tan y/
l- ﬁsx tan y g

s

where y, is average dilatancy angle at a steady state; H is a constant representing the geometric pattern of the
grains; /4 is the localization degree; E,, is the temperature-compensated value of the apparent activation energy;
d is grain size; M is the sensitivity of stress intensification to porosity; N is the sensitivity of dilatation angle to
porosity; i, is the grain boundary friction coefficient at a steady state; 7" is the reference ji value at a reference
shear velocity v*. The sensitivity parameter a; is given as a; = kT/06,Q, where k is the Boltzmann constant, and o,

is the local stress supported by individual asperity contacts.

Our study is currently unable to provide an accurate formula description for Regimes 3 and 4, and we have
included them as a subject for future study. For the inertial regime (Regime 3 in Figure 16b), Formula 13 did not
consider particle inertia. However, for granular materials, inertial effects are inevitably present as the shear rate
increases. In future studies, we hope to quantitatively distinguish between the velocity-strengthening rates of
thermal activation and inertial effects after correcting the calculation method for the inertial number (/) under
high-pressure conditions. For a rapid-shear weakening regime (Regime 4 in Figure 16b), Chen et al. (2020)
regarded the shear zone as a superplastic flow and had considered the thermal effect and the crushing behavior
during the shear process: u, = f(v,9,d,T). In a future study, based on acoustic emissions and microstructural
observations in this study, we hope to quantitatively analyze the contribution of intense vibration due to grain
collision to velocity-weakening, to derive a function coupling heating, crushing and vibration: y,, = f(v,9,d,T.E),
where E is the vibration strength.

5.6. Limitation and Future Study

The maximum normal stress we applied in this study is 1 MPa, which is much lower than that of natural faults, and
is only applicable to landslides and rock avalanches. We will continue to study the velocity effect of friction of
granular materials under high normal stress conditions (several tens of MPa) to accommodate natural faults in the
future, and we have developed the latest high-speed friction apparatus, with a maximum normal stress of up to
100 MPa and a maximum shear velocity of up to 30 m/s.

Compared to quartz sand and fluorspar, glass beads exhibited greater fluctuations in frictional strength in
Figure 9. As to why the friction in the velocity range of 107*-1072 m/s of glass beads decreases, the physical
mechanism cannot be explained in this study yet. We only considered that the shear glass beads in the velocity
range of 107*~1072 m/s are still in a transitional regime, and we believed that the physical mechanism that
generated the transitional regime had not been agreed upon by previous researchers, which needs to be inves-
tigated in more depth.

6. Conclusion

This study investigated shear-velocity dependent friction across various granular materials, including glass beads,
quartz sand, and fluorspar, using the ICL and LHVR apparatuses. The study identified four distinct shear-
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velocity-dependent frictional regimes: a quasi-static regime, transitional regime, inertial regime, and rapid-shear
weakening regime. These regimes appeared universal across different normal stresses, grain diameters, and
shapes. Acoustic emissions during granular flow revealed a continuous increase in frequency during rapid shear,
and reached up to 300 kHz. At a shear velocity of 0.1 m/s, the steady-state temperature and acoustic energy
increased steeply. We proposed that shear heating and crushing was probably responsible for the majority of the
weakening observed at high velocity. Based on the microstructural and acoustic measurements, we were not sure
whether the intense vibrations generated by particle collisions could also lead to friction weakening.
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